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Abstract  
 
Moderating the global average temperature increase to less than 2°C as proposed in the 
Paris Agreement of December 2015 has motivated innovative approaches to reduce the 
concentration of greenhouse gases in the atmosphere. One technology proposed for 
carbon dioxide removal from the atmosphere is ocean macronutrient fertilisation using 
the nutrients nitrogen and phosphorus to increase marine biomass and subsequently 
carbon export from the photic zone to the deep ocean. Increasing primary production of 
the ocean is expected to increase carbon sequestration in the deep ocean and potentially 
may also enhance the higher trophic levels of the marine food web. However, there is a 
gap in quantifying the amount of primary production that may be grazed by 
microzooplankton following macronutrient fertilisation.  
 
Using culture bottles, the aim of this study was to examine biological response to ocean 
macronutrient fertilisation on the oligotrophic waters offshore Sydney, Australia. This 
research investigates nutrient uptake, phytoplankton biomass growth, microzooplankton 
grazing and zooplankton and bacteria changes. After inoculating the sample with 
macronutrients there was a period of latency followed by rapid growth of phytoplankton 
until a maximum concentration was reached and subsequently decreased to a value 
similar to the initial concentration. Once the maximum concentration of phytoplankton 
decreased to a value similar to the initial concentration, another fertilisation (re-
fertilisation) was conducted using the same seawater samples and the same 
concentration of macronutrients N & P. A fluorometer device was used to measure 
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fluorescence from Chlorophyll-a and estimate phytoplankton biomass. Results indicate 
that macronutrients N & P were initially limiting phytoplankton growth. The phytoplankton 
concentration maximum varied from 4 µg/l to 20 µg/l when add to an initial concentration 
of nutrients of 16 µmol N and 1 µmol P, while microzooplankton grazing varied from 30% 
to 77% of the total growth of phytoplankton biomass. It was observed that high 
phytoplankton concentration (20 µg/l) occurred where there was low grazing pressure (33 
%) whereas low phytoplankton concentration (5.5 µg/l) occurred where there was high 
grazing pressure (71%). This suggests that phytoplankton concentration maximum was 
limited by microzooplankton grazing pressure rather than only macronutrient availability. 
Re-fertilisation of the same seawater samples show a shorter latency period, suggesting 
that uptake of nutrients during ocean fertilisation can potentially be optimized with a 
second cycle of fertilisation on the same waters. The total concentration of micronutrients 
in the oceanic waters appeared to be adequate for two fertilisations of the same water as 
re-fertilisation induced further phytoplankton growth.   
 
The initial predominant zooplankton taxon group found in the samples are copepod 
cyclopod and calanoid. The species distribution was weakly affected by fertilisation and 
re-fertilisation. The average of total number of zooplankton increased 135% from its pre-
fertilised value. The second addition of nutrients lead to re-growth of phytoplankton with 
a further increase of 52% in zooplankton numbers. DNA sequencing results show that the 
initial predominant marine bacteria found in the samples are prochlorococcus and the 
total number of bacteria has doubled after fertilisation but remained similar after re-
fertilisation. Although the proportion of the total bacteria that were prochlorococcus 
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decreased from approximately 71% to 32% after fertilisation, it increased again to 54% of 
the total number of bacteria after re-fertilisation. No remineralisation of particulate matter 
was observed after the macronutrients were exhausted. This implies that remineralisation 
has little or no effect on nutrient on re-fertilisation up to the timeframe of approximately 
15 days, which was the longest experiment conducted.  
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1. Introduction 
1.1 Scientific rationale  
 
Limiting the global average temperature increase to less than 2°C above pre-industrial 
levels is the challenge proposed by the United Nations Framework Convention on Climate 
Change (UNFCCC) in Paris, France, in December of 2015 (UNFCCC, 2015). During the 
conference, attended by delegates from 195 countries, it was negotiated the “Paris 
Agreement” (Sutter and Berlinger, 2015), which is a formal commitment  to join global 
efforts to reduce emissions in order to mitigate global warming. The countries participating 
in the Paris Agreement approved by consensus the urgency to create a plan to reduce 
emission by 2030, which is proposed to become legal once ratified by the countries 
summing up 55% of the current emissions. On June 1 of 2017, the United States 
President Donald Trump announced the U.S withdrawal from the Paris Agreement 
claiming disadvantages for the American fossil fuel industry. The politics behind the global 
emissions regulation is difficult, as modern society worldwide is still heavily economically 
dependent on fossil fuels as source of energy. 
 
The increase of average global temperature is associated with higher concentration of 
greenhouse gases in the atmosphere (Lashof and Ahuja, 1990). Carbon dioxide (CO2) 
measurements suggest a significant increase on the concentration of CO2 levels in the 
atmosphere compared to periods before the industrial revolution, where the concentration 
of CO2 in the atmosphere was estimated to be around 260-280 ppm (Pearman et al., 
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1986). A recent estimation from the National Oceanic & Atmospheric Administration 
(NOAA) Global Monitoring Division, shows that the global monthly concentration mean of 
CO2 in the atmosphere in May of 2017 was 409.65 ppm (Team, 2017). The modern global 
high levels of CO2 concentration in the atmosphere indicates that modern society may be 
running out of time as global temperature increases and reducing future CO2 emission 
might not be enough to avoid an average global temperature increase greater than 2°C 
by 2050 (Harrison, 2017). A multi-faceted approach to reduce greenhouse gas emissions, 
combined with negative emissions technologies, is suggested to effectively reduce the 
rate of increase of CO2 concentration in the atmosphere and mitigate rapid global 
temperature increase (Jones and Young, 2009) . 
 
1.2 Negative emission technologies   
 
Negative emission refers to a number of technologies aiming to reduce the levels of CO2 
already in the atmosphere, it is also referred to as carbon dioxide removal (CDR). Some 
of the main CDR technologies are: a) direct air capture (DAC), where carbon is removed 
from the air by chemical processes, sequestered and in deep geological formations; b) 
biomass energy with carbon capture and sequestration (BECCS), which relies on 
biomass to extract carbon dioxide from the atmosphere, concentrating and storing the 
carbon dioxide in deep geological formations; c) biochar, which uses biomass to extract 
CO2 from the air and stores the carbon in the soil, often from plants and organisms; d) 
enhanced weathering, a technology which proposes the use of rocks and minerals to 
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enhance land and ocean natural processes that capture carbon dioxide; e) Ocean 
fertilisation, which proposes enhancement of marine production via introduction of 
nutrients such as iron, nitrogen and phosphate. Ocean fertilisations is subdivided into two 
main groups: Ocean Iron Fertilisation (OIF), which advocates the use of iron sulfate 
micronutrients, and Ocean Macronutrient Fertilisation (OMF), which advocates the use of 
the macronutrients Nitrogen and Phosphate (Jones, 2011). 
 
Each of these CDR technologies mentioned above have advantages and disadvantages 
regarding costs, efficiency and environment risks. Environmental risks to implement CDR 
may exist and should be systematically assessed before their implementation in 
commercial scale. However, the environmental risks of the existing global warming 
without effective actions has to be taken in consideration and contrasted with the risks of 
technologies involving CDR. This study investigates the marine biological response of 
one specific CDR, Ocean Macronutrient Fertilisation.  
 
1.3 Ocean fertilisation using macronutrients N & P  
 
The ocean plays a vital role in storing carbon and regulating the concentration of carbon 
dioxide in the atmosphere. A significant amount of the carbon dioxide emissions are 
incorporated to the ocean and a fraction is exported to deep sea for hundreds to 
thousands of years (Lawrence, 2014) before returning to the surface ocean. Ocean 
Macronutrient Fertilisation (OMF) is the concept which proposes marine productivity 
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enhancement using macronutrient nitrogen and phosphorus (N & P) in order to store more 
carbon in the ocean as well as increase the fish landing (Jones, 1996). It is expected that 
the addition of macronutrients N & P to the photic zone of the ocean in areas with low 
nutrient and low chlorophyll (LNLC) will increase biological productivity and stimulate 
carbon sequestration (Harrison, 2017; Jones, 1996; Jones and Young, 2009; Lawrence, 
2014). The introduction of macronutrients N & P in areas of the ocean with low nutrients 
and low chlorophyll (LNLC) increases the oceanic primary production, which is based on 
phytoplankton using solar energy to convert inorganic matter such as CO2 into organic 
matter (eg proteins, lipids and carbohydrates) through photosynthesis processes. The 
nutrients uptake by marine phytoplankton is on average in the Redfield ratio (Redfield, 
1934), a robust global average proposing a molar elemental ratio of 106:16:1 for C:N:P, 
respectively. Carbon is consumed in the form of CO2, phosphorus in form of phosphate 
(PO4) and nitrogen in the form of nitrate (NO3), nitrite (NO2), urea (CH4N2O) and ammonia 
(NH4). Nitrogen and phosphorus are classified as macronutrients, while iron represents 
the main micronutrient limiting primary production. Micronutrients also include Zn, 
Co,Cu,Cd,Ni and Si. Iron is considered a micronutrient limiting primary production in 
areas of the ocean with high nutrient and low chlorophyll (HNLC) and it was proposed as 
a nutrient source for ocean fertilisation (Martin et al., 1990a; Martin et al., 1990b). The 
main source of iron in the ocean is through terrigenous dust material depositing on to the 
ocean surface. Although iron is a limiting agent for marine primary production, its ratio is 
much smaller compared to macronutrients N &P. For example, the elemental molar ratio 
of N:Fe is estimated in 5000:1 (Martin et al., 1990b), which means that a much smaller 
amount of iron is necessary to be added to the ocean in HNLC areas compared to 
13 
 
macronutrients N & P. However, more recent studies suggest that OMF has advantages 
compared to OIF, including more efficient uptake of nitrogen (Lawrence, 2014), and less 
costs to sequester CO2 (Harrison, 2013; Jones, 2014).  Another advantage of OMF is the 
location of vast areas of LNLC, while OIF relies in areas of HNLC that are located mostly 
in polar regions. Based on satellite observation, the majority of the oceanic surface area 
is characterized by LNLC (~70%), while areas of HNLC is estimated in approximately 
~30%, mostly located in the polar region which make the access more challenging 
(Kalyani Devasena et al., 2014). Despite differences in efficiency, costs and areas 
available for the implementation, enhancing marine primary production using either 
Ocean iron fertilisation or Ocean macronutrients fertilisation is expected to increase 
carbon exportation to the deep ocean as well as enhancing the marine food web. 
 
1.4 Phytoplankton size, groups and growth  
 
Phytoplankton are photosynthetic microorganisms capable of converting inorganic 
carbon into organic matter under suitable conditions of light, temperature and nutrients 
(Reynolds, 2006). It is also referred as the “grass of the sea”, as it plays the same role in 
being the base of the food chain for zooplankton, fish and the marine food web in general 
(Jones, 2011). Phytoplankton are autotrophic unicellular organisms living in the photic 
zone of lakes and oceans with size ranging approximately from 2 µm to 2 mm. A common 
classification for phytoplankton is given by their size and subdivided into 4 classes: a) 
pico-phytoplankton (0.2µm - 2 µm); b) nano-phytoplankton (2µm - 20 µm); c) micro- 
phytoplankton (20µm - 200 µm) and meso-phytoplankton (>200 µm) (Parsons and 
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Takahashi, 1984). Although there are thousands of phytoplankton species catalogued, 
four broad groups of marine phytoplankton are divided into Cyanobacteria (prokaryotic), 
Dinoflagellates (eukaryotic having flagella used for locomotion), Coccolithophore 
(eukaryotic characterized by calcium carbonate (CaCO3) plates) and Diatoms (eukaryotic 
characterized by a cell wall made of silica). 
 
Phytoplankton growth is dependent on their environment conditions, mostly controlled by 
temperature, light and availability of nutrients. The nutrients availability is frequently the 
main cause of growth limitation, often due to absence of one or more nutrient (Parsons 
and Takahashi, 1984; Reynolds, 2006). Zooplankton grazing also modulates the rate of 
growth of phytoplankton. Upwellings are natural processes enhancing phytoplankton 
growth and marine productivity due to increased availability of nutrients coming from the 
deep sea to the surface. Upwelling zones such as Peru, California, and Somalia coast 
are well known as areas of high marine productivity and economically important areas for 
the fish industry. It has been suggested that OMF is mimicking these processes (Jones, 
1996). On the other hand, phytoplankton blooms can also lead to Harmful Algal Bloom 
(HAB) (Glibert et al., 2014). HAB is a phenomenon associated to excessive flagellates 
phytoplankton growth, mostly dinoflagellates, and its environment consequences can 
lead to ocean eutrophication, oxygen depletion, algal toxin and fish kills (Berdalet et al., 
2016). Glibert et al., (2014) reports that the increased manufacture of urea CO(NH2)2 as 
a fertilizer used in agriculture aroused environment concerns about potential increase of 
HAB caused by the accumulation of this form of nitrogen in coastal areas (Glibert et al., 
2014).  Urea is an organic chemical synthetized from inorganic constituents with an 
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annual production estimated of approximately 100 Tg N yr-1  (Heffer and Prud’homme, 
2016).  
 
An experimental study conducted by Harrison (2016) performed 8 bottle experiments 
encompassing all the seasons in an annual cycle in Sydney offshore (34o 05’30” S and 
151o 15’30”E), Australia. This investigation aimed to test the hypothesis suggested by 
Glibert et al., (2014) that different taxon groups of phytoplankton (e.g diatom and 
dinoflagellate) would respond differently to addition of different forms of macronutrient 
Nitrogen, urea (CO(NH2)2) and nitrate (NO3). Harrison (2016) observed that 
phytoplankton biomass increased in all experiments treated both with urea and nitrate. 
He observed no significant growth of phytoplankton for a number of days after the addition 
of macronutrients. Culture bottle experiments using micronutrients (iron) also showed an 
initial period of low growth of phytoplankton (Martin and Fitzwater, 1988). This 
phenomena will be termed latency and it is believed to be caused by the time of kinetic 
of chemical reactions (Aksnes and Egge, 1991). The phytoplankton concentration 
maximum observed in Harrison (2016) experiments after addition of nutrients was 
between 6 to 17 days, which is consistent to other bottles experiment using addition of 
nutrients (De Baar et al., 2005). Higher abundance of diatom than dinoflagellates was 
observed to result from macronutrient enrichment in all experiments conducted by 
Harrison (2016). Dinoflagellates counts were higher than diatoms only in one experiment 
during summer using nitrate treatment. This study concludes that nitrogen used in the 
form of urea does not encourage more dinoflagellate growth than diatom growth and 
suggests that nitrate may encourage dinoflagellate growth under certain oceanographic 
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conditions (temperature, salinity, season) in the oligotrophic Eastern Australian Current 
during the summer. During his experimental set up, Harrison (2016) has filtered the 
sampling water through a 250 µm mesh in order to separate mesozooplankton predators 
which would affect the diatom and dinoflagellate growth. However, the influence of micro-
zooplankton (<200 µm) grazing during the experimental analysis was not considered 
during his investigation, which could potentially influence the results and the ratio of 
diatom vs dinoflagellate autotrophic planktons. Microzooplankton grazing is suggested to 
consume up to 70% of daily phytoplankton growth in open oceans (Landry and Calbet, 
2004). Thus, the results observed in Harrison (2016) reflect the amount of phytoplankton 
biomass remaining after microzooplankton grazing. Copepod nauplii and tintinnids are 
suggested to be the main microzooplankton consumers responsible for phytoplankton 
mortality (Landry and Hassett, 1982). 
 
1.5 Microzooplankton grazing  
 
Microzooplankton are a group of mixotropic and heterotrophic aquatic organisms smaller 
the 200 µm (Calbet, 2008). Some of the main microzooplankton includes dinoflagellates, 
ciliates, foraminiferans, copepod nauplii and copepodites. They play a key role on the 
marine food web grazing primary producers (e.g phytoplankton) and transferring energy 
to a higher trophic level (e.g microzooplankton). Investigations suggest that up to 70% of 
the biomass produced by phytoplankton growth can be consumed by microzooplankton 
grazing (Landry and Calbet, 2004), classifying them as primary consumers. 
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Microzooplankton is suggested to be the main agent transferring energy from the primary 
producers to a higher trophic level, considering that larger zooplankton (bigger than 200 
µm) consume approximately only 10 % of the primary producers (Calbet, 2008). Despite 
the key importance of microzooplankton on the marine food web, little is known about 
these small organisms as the main marine plankton studies are focused in phytoplankton 
and mesozooplankton. Understanding marine environment microzooplankton dynamics 
is crucial for better understanding energy and carbon transference along the marine food 
web. The difficulty to estimate and quantify microzooplankton grazing is due to the 
difficulty in separating such small organisms such as phytoplankton and 
microzooplankton. The dilution method (Landry and Hassett, 1982) is one of the most 
widely used methods to quantify community microzooplankton grazing in the last 35 years 
both for freshwater (Grinienė et al., 2016)  and marine environments (Beckett and Weitz, 
2017). 
 
1.6 Marine bacteria role in the ocean  
 
Marine bacteria controls the organic matter breakdown and plays a critical role in the 
oceans (Burkhardt et al., 2014). Organic compounds formed by primary producers and 
the carbon transferred into the marine food web are recycled by marine bacteria which 
allows macronutrients such as N & P, mostly in form of phosphates, nitrate and nitrite, 
participate again in the primary production (Salihoglu et al., 2008). Marine bacteria is one 
of the oldest forms of life on Earth and can live in symbiotic and parasitic relationship with 
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plants and animals in the marine environment such as phytoplankton, zooplankton and 
fish (Liu et al., 2010). It is usually assumed that mortality is due to protozoan grazing 
(Proctor and Fuhrman, 1990). Some marine bacteria are able to fix nitrogen, for example 
trichodesmium, heterocystus, crocosphaera, alphaproteobacteria and 
gammaproteobacteria. Examples of marine bacteria that do not fix nitrogen but are 
primary producers includes Prochlorococcus and Synechococcus. They are the most 
common genus of cyanobacteria in the open Ocean around the world, obtaining their 
energy through photosynthesis and requiring nitrogen as a nutrient. Campbell et al., 
(1994) found in their investigation of the oligotrophic ocean that Prochlorococcus 
contributed 31% of the total marine bacteria identified on the study and proposed that in 
terms of carbon procariotic biomass was the larger component (~80%) of the microbial 
community and approximately half of that biomass was contributed by Prochlorococcus 
(Campbell et al., 1994). More recent studies investigating the dynamics of 
Prochlorococcus and Synechococcus suggest variation in phenotype attributed to 
changes in environment conditions (Den Engh et al., 2017). This study recorded 
variations in distribution after storms and found that Prochlorococcus and Synechococcus 
returned to initial conditions after a few days.    
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1.7 Specific objectives  
 
Ocean macronutrient fertilisation could mitigate global warming by capturing carbon from 
the atmosphere and converting it into organic carbon in areas of the ocean where 
macronutrient N & P are phytoplankton limiting. Investigating phytoplankton growth during 
these ocean macronutrient fertilisation studies allows an estimate of the amount of 
phytoplankton biomass remaining after microzooplankton grazing during primary 
production. Microzooplankton has an important role in regulating primary production by 
reducing the breeding stock of phytoplankton.  
 
Using culture bottles under controlled temperature and artificial light, the biological 
response of ocean macronutrient fertilisation and re-fertilisation is investigated for a 
region where phytoplankton is nutrient limited, in this case the oligotrophic waters offshore 
Sydney. Re-fertilisation is the term used in this study for a second addition of 
macronutrients N & P on the same seawater previously added with the similar 
concentration of macronutrients.  
 
The specific objectives of this study are to investigate the biological response to ocean 
macronutrient fertilisation and re-fertilisation, as follows: 
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(a) Estimate microzooplankton grazing rates; 
(b) Quantify phytoplankton biomass growth; 
(c) Measure macronutrient N & P uptake; 
(d) Estimate latency period; 
(e) Count zooplankton and identify the main taxon groups; 
(f) Count bacteria and identify the main taxon groups.  
 
Re-fertilisation will be also used to test the hypothesis that there is adequate 
concentration of micronutrients for two fertilisations. If phytoplankton grows after re-
fertilisation using macronutrients N & P it implies that micronutrients were not responsible 
for limiting phytoplankton maximum during the first cycle of fertilisation. This investigation 
is also interested in finding out whether the difference in phytoplankton concentration 
maximum is caused only by macronutrient availability or also by microzooplankton 
grazing pressure. However, one should consider that zooplankton’s predators were 
reduced in the bottles situation more than it would be in nature. 
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2. Methodology 
2.1 Study site & sampling  
 
The seawater samples used in this investigation were collected at Port Hacking (hereafter 
PH100m) CSIRO monitoring station (34o 05’30” S and 151o 15’30”E), which is located along 
100 m depth contour, approximately 8 km offshore from Sydney (Fig. 1A). PH100m is 
considered to be one of the longest monitoring sites in the world, recording oceanographic 
data since 1940 (Lynch et al., 2014). The site location is characterised by cyclonic and 
anticyclonic eddy formations (Fig. 1B), developing after the EAC (Eastern Australian 
Current) separating from the coast and showing higher biological variation compared to 
the broader Tasman Sea (Everett et al., 2012).  
 
Figure 1. A) Map showing the study site, Port Hacking monitoring station (PH100m), located on the Australian 
southeast coast, offshore of Sydney. B) Map of the eastern Australian coast showing the Eastern Australian 
Current (EAC) travelling towards south. The colors represent sea surface temperature and the black arrow 
indicates an eddy formation and the separation of EAC from the Australian coast. Image Source (Ajani et 
al., 2014). 
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 A total of 4 expeditions (Table 1) were conducted on board of Bombora research vessel 
between March and June of 2017 as part of the Australian Integrated Marine Observing 
System (IMOS). The voyages were conducted by the New South Wales Department 
Office of Environment and Heritage, Waters and Coastal Science. The oceanographic 
data used in this investigation (including temperature, conductivity, chlorophyll-
fluorescence, turbidity and oxygen) is publicly available from the IMOS data portal 
(www.imos.org.au). 
 
Experiment Date 
1 22- Mar - 2017 
2 19 - Apr - 2017 
3 18 - May - 2017 
4 15- Jun - 2017 
 
Table 1. Sampling dates for each experimental collection 
 
A total of 80 litres of seawater (4 x 20 l bottles) was collected from the ocean surface. A 
200 µm mesh was used during collection to separate microzooplankton (larger than 200 
µm) from the samples. The bottles were kept in a water bath and the temperature was 
controlled with ice and thermometer during the transport from the PH100m site to the 
Sydney Institute of Marine Sciences (SIMS). 
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2.2 Cleaning procedure before sampling 
 
All the experimental apparatus used during the experiment were systematic cleaned 
before the expedition to the PH100m site. The cleaning procedure began 48 hours before 
the experiment starts, including the following procedure: 
➢ 4 x 20 l bottles acid washed (10% HCL) 
➢ 15 x 2.2 l polycarbonate carboys (Nalgene) acid washed and autoclaved  
➢ 1 x 2.2 l glass receiver flask (Buchner flask) acid washed and autoclaved 
➢ 1 x 500 ml glass funnel acid washed 
➢ 1 x glass support base (for the 45 mm GF/F filter) acid washed and autoclaved 
➢ 1 x Silicone stoper acid washed 
➢ 1 x 500 ml glass measuring cylinders acid washed and autoclaved 
➢ 50 x 1ml pipet tips sterilised  
 
Vinyl gloves were used at all times through the cleaning procedure and sample collection. 
All the equipment acid washed were rinsed 3 times with Milli-Q water (Millipore) and 
rinsed 3 times with the sea water collected at PH100m site. A total of 50 x 1 ml sterilised 
pipet tips were used to add nutrients into the bottles used during the experiment. 
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2.3 Stock solution preparation 
 
The purpose of the stock solution prepared during this experiment is to provide the 
stoichiometric ratio of Nitrogen and Phosphorus proposed by Alfred C. Redfield (Redfield, 
1934) of 16:1 (molar) in order to have sufficient macronutrients N & P for phytoplankton 
growth. Stock solution of Sodium Nitrate (NaNO3) and Potassium Phosphate (KH2PO4) 
was prepared to add16 µM of dissolved nitrogen in the form of nitrate along with 1 µM of 
dissolved phosphorus in the form of phosphate into the initial concentration of seawater 
collected at the PH100m. 
 
A total of 2 x 250 ml bottles of stock solution were prepared for the experiment, one of 
Sodium Nitrate (NaNO3) and the other one of Potassium Phosphate (KH2PO4). High purity 
(~100%) NaNO3 and KH2PO4 powder was left in the oven for 4 hours at 60 oC to dry off 
any air humidity prior the stock solution preparation. 
 
Sodium Nitrate (NaNO3) stock solution was prepared using 0.425 g of high purity NaNO3 
powder and then dissolved into a 250 ml sterilised water into a 500 ml bottle screw cap. 
The NaNO3 solution achieved was 20000 µM (or 280000 µg of Nitrogen/L). The volume 
of stock solution used for 18 l of seawater into a 20 l laboratory glass large Pyrex bottle 
was 14.4 ml, while the volume of the stock solution used for 2 l of seawater into a 2.2 l 
polycarbonate carboys (Nalgene) was 1.6 ml. 
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Potassium Phosphate (KH2PO4) stock solution was prepared using 0.136 g of high purity 
KH2PO4 and then dissolved into a 250 ml sterilised water into a 500 ml bottle screw cap. 
The KH2PO4 concentration achieved was 4000 µM (or 124000 µg of Phosphorus/L). The 
volume of stock solution used for 18 l of seawater into a 20 l laboratory glass large Pyrex 
bottle was 4.50 ml, while the volume of stock solution used for 2 l of seawater into 2.2 l 
polycarbonate carboys (Nalgene) was 0.5 ml. 
 
2.4 Quantifying phytoplankton biomass growth 
 
2.4.1 Fluorescence  
 
Chlorophyll-a (hereafter Chla) fluorescence is a commonly tool used to estimate 
photosynthetic activity and phytoplankton biomass variations (Falkowski and Kiefer, 
1985), as all marine photosynthetic algae contain Chla (Reynolds, 2006). Chla was 
monitored regularly using a standard submersible fluorometer device ECO-FLRT 
(Western Environment Technology Laboratories Inc.) and measured through the wall of 
the polycarbonate carboy to reduce the potential of contamination. Once the 2.2 l 
polycarbonate carboys were filled with 2 l of seawater and added with nutrients N & P 
they were kept closed until the end of the experiment to minimise contamination. The 
fluorometer device ECO-FLRT was considered suitable to this experiment as the 
measurement through the wall of the polycarbonate carboy minimises potential of 
contamination. Also, conducting bottle experiments to estimate phytoplankton biomass 
growth allows measurement on a daily basis without having to filter a large volume of 
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seawater as required by chlorophyll extraction. The Chla measurements were taken 
everyday during all the experiments approximately close to midday. The fluorescent lights 
were turned off during measurements. 
 
The conversion from signal counting to Chla concentration (µg/l) was calculated using the 
following equation provided by the manufacturer (fluorometer device ECO-FLRT- 
Western Environment Technology Laboratories): 
 
Chla (µg/l) = Scale factor x (signal count – dark counts)  
 
Where: 
 
Chla (µ/l): Chlorophyll a concentration (µg/l or mg/m3) 
 
Scale factor: Is given by the ECO-FLRT782 manufacturer as 0.0078. This value was 
determined by the manufacturer using the culture of the phytoplankton Thalassiosira 
weissflaggi (diatom), which is likely to be different from the species on this experiment 
and may affect the accuracy of the results.  
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Signal count: Average of fluorescence counts determined by the fluorometer. Two cycles 
of 10 fluorescence counts (20 in total) were measured from each bottle daily, 10 in the 
half bottom and 10 in the half top of the bottle.  
 
Dark count: Also referred as Clean Water Offset was estimated before the beginning of 
the experiment. All the 15 x 2 l polycarbonate carboys were filled with Milli-Q water in 
order to measure the clean water offset (named “dark count” by the ECO-FLRT 
manufacturer). A total 20 measurements were taken from each carboy and an average 
was calculated for each bottle. The average signal count of each bottle was then summed 
up and divided by the total (e.g IA + IIA…+IIE + IIIE/15). The average clean water offset 
calculated was 143.7 counts (SD 5.6).  
 
The fluorescence (in form of signal counts) measured by the fluorometer device is 
recorded using ECOView software (Western Environment Technology Laboratories) and 
then exported into an excel spreadsheet, where the conversion from signal counting to 
Chla concentration (µg/l) was calculated. For more accurate estimation for the Chla 
concentration the results were validated with results obtained with chlorophyll extraction 
in acetone using a spectrophotometric technique. 
 
Relative Standard Deviation (RSD) was used to evaluate the precision of each set of 
measurements using the fluorometer device (total of 20 fluorescence counts). Small 
movements handling the fluorometer against the carboy wall and patches of different 
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concentration of Chla in the bottle may affect the precision of the measurements. 
Uncertainties was calculated by the following formula: 
 
Relative Standard Deviation (RSD) = (Standard deviation/mean) x 100% 
 
2.4.2 Spectrophotometer  
 
Chlorophyll extraction was conducted at the beginning and end of each cycle of 
experiment according the America Public Health Association (APHA) method (Standard, 
1998). Approximately 2 l of seawater from PH100m was filtered for each 45 mm GF/F filter. 
A significant volume of filtered seawater may be necessary if the samples contain low 
concentration of Chla. Better results are achieve using spectrophotometric techniques if 
a representative amount of Chla is concentrated in the filter (until the filter starts to clog) 
before extraction with acetone solution. 
  
Triplicate samples of seawater from PH100m were filtered before and after ocean 
fertilisation using macronutrients N & P. This means that at least 3 GF/F filters were used 
for Chla extraction before and after OMF. Each filter was placed in a 10 ml solution 
containing 90% acetone and 10% saturated MgCO3. Each vial was wrapped in aluminium 
foil to avoid light exposition and left in the fridge for at least 24 hours. 
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After at least 24 hours the vials containing the GF/F filter in acetone solution were 
centrifuged for 20 minutes at 500 rpm and 5 minutes at 2000 rpm. The tubes then were 
removed from the centrifuge and placed carefully in a rack covered in aluminium foil to 
minimise exposure to light.  
 
The spectrophotometer used on this analysis is the Hitachi U2000. Calibration was 
conducted at the beginning of each session of measurements using 1 set of optically 
matched 5 cm cuvettes with plain acetone. After calibration, the absorbance was checked 
and error up to ± 0.002 was accepted. 5 ml of each vial previously centrifuged was 
pipetted into the 5 cm cuvette and placed into the spectrophotometer measuring multiple 
wavelengths (750 µm, 691 µm, 665 µm, 664 µm, 647 µm, 630 µm). The first measurement 
was recorded all the wavelengths except 665 µm. The cuvette was removed from the 
spectrophotometer and 0.167 ml of 0.1N HCL was added and gently inverted 3 times with 
the top blocked with gloved fingers in order to mix. Exactly 90 seconds was waited after 
acidification and measured again. Wavelengths 750 µm and 665 µm were recorded after 
acidification. The same procedure was applied for all the solutions in the vials.  
 
The wavelengths recorded were used in the following equation to estimate Chla 
concentration: 
Chla = (26.7*((A-B)-(C-D))*Vext/1000)/(Vf/1000/1000*5) 
Where: 
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Vext is the volume extracted in ml 
Vf is the volume filtered in ml 
A is the wavelength 664 µm before acidification 
B is the wavelength 750 µm before acidification 
C the wavelength 665 µm after acidification 
D is the wavelength 750 µm after acidification 
 
Although the spectrophotometer technique is considered accurate to estimate Chla, this 
technique required larger amount of water to be filtered. This technique was used to 
measure Chla at the beginning and end of the experiment, as it was not suitable for daily 
measurements required for this investigation.  
 
2.5 Quantifying nutrients 
 
The initial data collected in situ is public available from the IMOS data portal 
(www.imos.org.au). The nutrient measurements conducted during the experiment were 
measured at the Biogeochemistry laboratory of Southern Cross University, Lismore, 
Australia. The detailed methodology used to measure and quantify the nutrients is 
described in (Eyre, 2000).      
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2.6 Quantifying and identifying zooplankton 
 
The initial data collected in situ is publicly available from the IMOS data portal 
(www.imos.org.au). Identification of zooplankton during the experiment was assisted by 
the IMOS – CSIRO plankton research team and zooplankton identification manual 
(Goswami, 2004). Zooplankton quantification was conducted at Sydney Institute of 
Marine Sciences using a compound microscope and a Sedgewick-Rafter cell to count the 
number of zooplankton during the experiment (LeGresley and McDermott, 2010).  
 
2.7 Quantifying the distribution of particle size 
 
A POLA 2000 machine was used to quantify the distribution of particle size and counting 
of particles of the seawater samples used during experiment 4. The size range and 
counting are calculated using laser light obscuration. The size range of the particles range 
from 2 µm to 150 µm. The flow rate of seawater during measurement is 25 ml/min and up 
to 50 size intervals are displayed using the standards reporting ISO 11171 and ISO 4406. 
The latex calibration is typically 8 points. The volume is presents either in graphical or 
tabular formats.  
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2.8 Quantifying and identifying marine bacteria 
 
To characterize the bacterial community during the macronutrient fertilisation experiment, 
16S rRNA amplicon sequencing was employed and sequencing was performed on the 
variable region V4 using the 515F-806R pimers on an Illumina MiSeq (Ramaciotti Centre 
for Genomics; Sydney, NSW, Australia) following the manufacturer’s guidelines. Raw 
data files in FASTQ format were deposited in NCBI Sequence Read Archive (SRA) with 
the study accession under Bioproject number NGSQ466JUL17. 
 
Bacterial 16S rRNA gene sequencing reads were processed as outlined in 
https://github.com/timkahlke/ampli-tool. Briefly, paired-end DNA sequences were joined, 
In summary, sequences were joined using FLASH (Magoč and Salzberg, 2011) and 
subsequently trimmed using mother (Schloss et al., 2009) (PARAMETERS: 
maxhomop=6, maxambig=0, minlength=251, maxlength=254). The resulting fragments 
were clustered into operational taxonomic units (OTUs) and chimeric sequences were 
identified using vsearch (Rognes et al., 2016) and the Silva v128 database. To assign 
taxonomy QIIME (Caporaso et al., 2010) was used with the BLAST algorithm against the 
Silva v128 database. Sequences were then rarefied to the same depth to remove the 
effect of sampling effort upon analysis.  
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2.9 Experimental description 
 
The dilution technique (Landry and Hassett, 1982) is the procedure used in this 
investigation to estimate the microzooplankton grazing rates. Although phytoplankton 
community biomass growth is relatively simple and straightforward to measure using 
fluorescence techniques, the rate of microzooplankton grazing during phytoplankton 
growth demands more attention due to the difficulty to distinguish phytoplankton and 
microzooplankton. The dilution technique was developed to quantify microzooplankton 
grazing rates using four sets of seawater dilutions: 0%, 25%, 50%, 75% and 100%. Each 
dilution parameter has a triplicate 2.2 l polycarbonate carboy (Nalgene), including control 
bottles, summing up a total of 15 bottles. The bottles are placed in a temperature 
controlled room adjusted to the seawater temperature collected on the site. Each bottle 
is seated in an individual magnetic stirrer set at ~160 rpm and placed in front of a rack of 
fluorescent globes with intensity of ~ 25 W/m2 with a cycle of 12/12 hours on and off to 
simulate day and night cycles.  
 
Three assumptions are made in the dilution method (Landry and Hassett, 1982) regarding 
the interaction among nutrients, phytoplankton and microzooplankton in the seawater. 
 
• Growth of individual phytoplankton is not directly affected by the presence or 
absence of other phytoplankton. 
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• The probability of a phytoplankton being consumed is a direct function of the rate 
of encounter between microzooplankton and phytoplankton. 
• The change in the density of phytoplankton can be represented appropriately by 
the following exponential equation:  
 
                                                 Pt = Po e (k-g) t 
 
respectively where Pt is the final density of phytoplankton, Po is the initial concentration of 
phytoplankton, t is time and k and g are growth coefficient and grazing mortality.  
 
A total of 4 experiments were conducted using seawater from PH100m. However, only the 
last 3 experiments include investigation before and after ocean macronutrient fertilisation, 
where 20 l bottles where added with macronutrients N & P (in the form of NO3- and PO4-) 
and incubated for a period of time to reach Chla peak. Once the Chla peak was reached, 
the first set of experiment was complete, and the 15 bottles were emptied. For the second 
cycle of the experiment, these bottles were refilled using the seawater from the 20 l tanks 
that had previously (day 1) been injected with macronutrients N & P. 
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3. Results 
 
The average of Sea Surface Temperature (SST) and Chlorophyll-a (Chla) results includes 
satellite data from 4 days before and 4 days after sampling. Figure 2A shows that SST 
decreases from experiment 1 to experiment 4 and Chla shows low values for all offshore 
areas increasing in areas closer to the shoreline. Blank areas on figure 2B were caused 
by atmospheric conditions and poor data collection by the satellite during the sampling 
period.  
 
         
 
Fig 2. A) Image showing the average results for initial conditions of Sea Surface Temperature for 
experiment 1 to 4, including satellite data from 4 days before and 4 days after sampling. B) Image showing 
the average results for initial conditions of Chlorophyll for experiment 1 to 4, including satellite data from 4 
days before and 4 days after sampling (Image generation and coding assisted by Daniel Harrison). 
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3.1 Experiment 1 
 
The experiment 1 started on 22 of March of 2017 and had a total of 8 days duration. The 
initial temperature in situ during sampling was 22.8 C, while the temperature in the 
laboratory just before incubation was 22.2 C. The initial Chla concentration was measured 
by chlorophyll extraction and fluorometer device, the average results were 2.9 µg/l and 
1.85 µg/l, respectively. Concentration of Chla increased mostly between day 2 and day 
3, except bottle E (25% dilution) that increased mostly between day 4 and day 5, and then 
started to decrease until day 8, when the experiment was terminated. Figure 3 shows the 
average of the triplicate bottles for the control bottle and the four different dilutions. 
 
  
Fig 3. Graph showing the concentration of Chla vs Days during experiment 1. The experiment starts on day 
1, including collection, laboratory set up and addition of nutrients. A (dark blue) is the average of control 
bottles without any added nutrients; B (orange) is the average of 100% concentrated seawater; C (grey) is 
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the average of 75% concentrated seawater; D (Yellow) is the average of 50% concentrated seawater; E 
(light blue) is the average of 25% concentrated seawater.  
 
The standard deviation of the average between the triplicate bottles varied between 0.01 
and 2.01. The higher values were observed on bottle E during the period of higher values 
of Chla, while the higher values for the other bottles were 0.52 (Appendix 1).  
 
The microzooplankton grazing calculated for experiment 1 was ~ 71% and phytoplankton 
growth was ~ 168%, according to the Landry and Hasset (1982) method. Figure 4 shows 
the negative linear regression and its equation. 
 
 
Fig 4. Linear regression plot of growth vs percentage of undiluted seawater for the 12 bottles with 
nutrients added. Control bottles are not included on this calculation. 
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The nutrient level for experiment 1 were measured at the beginning and at the end of the 
experiment. Table 2 shows the results of the initial (before added nutrients) and the final 
concentration of the nutrients N & P at the end of the experiment.   
 
 NO3
- (µM)   PO4- (µM)   
Initial 0.68 0.14 
Final 0.92 0.11 
 
Table 2. Initial and final concentration of NO3- and PO4- measured on experiment 1. 
 
3.2 Experiment 2 
 
The experiment 2 started on 19 of April of 2017 and had a total of 14 days of duration. 
The initial temperature in situ during sampling was 22.2 C, while the temperature in the 
laboratory just before incubation was 22.5 C. The initial Chla concentration was measured 
by chlorophyll extraction and fluorometer device, the average results were 0.55 µg/l and 
0.40 µg/l, respectively. 
 
This experiment was divided into two cycles. The first cycle had the duration of 9 days, 
while the second cycle had 4 days. During the first cycle, the total amount of seawater 
was divided into 2 x 20 l incubation tanks with nutrients and also 15 x 2 l bottles, as used 
for experiment 1.  
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Figure 5 shows the results for the 2 x 20 l tanks  
 
Fig 5. Curve showing the Chla variation on two different 20 l tanks for the period of 8 days. The experiment 
starts on day 1, including collection, laboratory set up and addition of nutrients. Both bottles, IA and IB, are 
the same seawater collected in situ on 19 of March using the same concentration of nutrients added, N & 
P.  
 
Another 15 bottles, triplicates of control and triplicates of four different dilutions, were filled 
with seawater collected on the expedition. The bottles were added with nutrients N & P, 
except control bottles. The results (Figure 6) show the average for each triplicate. Chla 
increased in all 4 bottles with nutrients after day 5, except the control bottles which show 
little or no increase. The Chla peak for all the dilution bottles occurred on day 9 and then 
started to decrease. This cycle of the experiment terminated once the Chla peak is 
achieved.  
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Fig 6. Graph showing the concentration of Chla vs Days during experiment 2. The experiment starts on day 
1, including collection, laboratory set up and addition of nutrients. A (dark blue) is the average of control 
bottles without any added nutrients; B (orange) is the average of 100% concentrated seawater; C (grey) is 
the average of 75% concentrated seawater; D (Yellow) is the average of 50% concentrated seawater; E 
(light blue) is the average of 25% concentrated seawater. 
 
The standard deviation of the average between the triplicate bottles varied between 0.04 
and 6.39 (Appendix 2). The higher SD value on the measurement on bottle E during the 
last day of growth was different to the other 2 bottles, so was not used to calculate growth 
rates in order to estimate grazing.  
 
The microzooplankton grazing calculated for the first cycle of experiment 2 was ~ 50% 
and phytoplankton growth was ~ 120%, according to the Landry and Hasset (1982) 
method.  Figure 7 shows the negative linear regression and its equation. 
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Fig 7. Linear regression plot of growth vs percentage of undiluted seawater for the 11 bottles (one bottle 
wasn’t used for discrepant triplicate values) with nutrients added. Control bottles are not included on this 
calculation. 
 
The nutrient level for the first cycle of experiment 2 were measured at the beginning and 
at the end. Table 3 shows the results of the initial (before added nutrients) and the final 
concentration of the nutrients N & P at the end of the first cycle of the experiment.   
 
 NO3
- (µM)   PO4- (µM)   
Initial 0 0.04 
Final 0.27 0.08 
 
Table 3. Initial and final concentration of NO3- and PO4- measured on the first cycle of experiment 2. 
 
The second cycle of the experiment used the seawater incubated into the 2 x 20 l tanks 
and divided into the 15 x 2 l bottles in order to measure growth using different dilutions. 
y = -0.5071x + 1.2028
R² = 0.7129
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
0% 20% 40% 60% 80% 100% 120%
G
ro
w
th
Percentage of undiluted seawatwer
Experiment 2
42 
 
The seawater was re-fertilised and the Figure 8 shows the results of Chla growth re-
adding nutrients.  
 
Fig 8. Graph showing the concentration of Chla vs Days during the second cycle of experiment 2, re-
fertilisation. The experiment starts on day 1, including collection, laboratory set up and addition of nutrients 
A (dark blue) is the average of control bottles without any added nutrients; B (orange) is the average of 
100% concentrated seawater; C (grey) is the average of 75% concentrated seawater; D (Yellow) is the 
average of 50% concentrated seawater; E (light blue) is the average of 25% concentrated seawater. 
 
The standard deviation of the average between the triplicate bottles varied between 0.01 
and 1.24 (Appendix 3). The higher SD values were observed on the last day of Chla 
growth, while lower values were observed at the initial stages of growth on the majority 
of bottles.  
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The microzooplankton grazing calculated for the second cycle of experiment 2 was ~77% 
and phytoplankton growth was ~ 146%, according to the Landry and Hasset (1982) 
method. Figure 9 shows the negative linear regression and its equation. 
 
Fig 9. Linear regression plot of growth vs percentage of undiluted seawater for the 12 bottles with nutrients 
added. Control bottles are not included on this calculation. 
 
The nutrient level for the second cycle of experiment 2 were measured at the beginning 
and at the end. Table 4 shows the results of the initial (before added nutrients) and the 
final concentration of the nutrients N & P at the end of the second cycle of the experiment.   
 
 NO3
- (µM)   PO4- (µM)   
Initial 5.22 0.56 
Final 0.24 0.05 
 
Table 4. Initial and final concentration of NO3- and PO4- measured on the second cycle of experiment 2, re-
fertilisation. 
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3.3 Experiment 3 
 
The experiment 3 started on 18 of May of 2017 and had a total of 19 days of duration. 
The initial temperature in situ during sampling was 21.2 C, while the temperature in the 
laboratory just before incubation was 20.8 C. The initial Chla concentration was measured 
by chlorophyll extraction and fluorometer device, the average results were 0.48 µg/l and 
0.67 µg/l, respectively. 
 
This experiment was also divided into two cycles. The first cycle had the duration of 9 
days, while the second cycle had 5 days. During the first cycle, the total amount of 
seawater was divided into 2 x 20 l incubation tanks with nutrients and also 15 x 2 l bottles, 
same procedure used on experiment 2.  
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Figure 10 shows the results for the 2 x 20 l tanks  
 
Fig 10. Curve showing the Chla variation on two different 20 l incubation tanks for the period of 14 days. 
The experiment starts on day 1, including collection, laboratory set up and addition of nutrients Both bottles, 
IA and IB, are the same seawater collected in situ on 18 of May using the same concentration of nutrients 
added, N & P.  
 
Another 15 bottles, triplicates of control and triplicates of four different dilutions, were filled 
with seawater collected on the expedition. The bottles were added with nutrients N & P, 
except control bottles. Figure 11 shows the average result for each triplicate. Chla 
increased in all 4 bottles with nutrients after day 5, except the control bottles which show 
little or no increase. The Chla peak for all the dilution bottles occurred on 7 and then 
started to decrease. This cycle of the experiment terminated once the Chla peak was 
achieved and started to decrease. 
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Fig 11. Graph showing the concentration of Chla vs Days during experiment 3. The experiment starts on 
day 1, including collection, laboratory set up and addition of nutrients. A (dark blue) is the average of control 
bottles without any added nutrients; B (orange) is the average of 100% concentrated seawater; C (grey) is 
the average of 75% concentrated seawater; D (Yellow) is the average of 50% concentrated seawater; E 
(light blue) is the average of 25% concentrated seawater. 
 
The standard deviation of the average between the triplicate bottles varied between 0.01 
and 1.08 (Appendix 4). Most of the SD values were around 0.2 and only one value was 
higher than 1. Most of SD calculation was low until day 7 and the higher values observed 
close to Chla peak.   
 
The microzooplankton grazing calculated for the first cycle of experiment 3 was ~ 54% 
and phytoplankton growth was ~ 85%, according to Landry and Hasset (1982) method.  
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Figure 12 shows the negative linear regression and its equation. 
 
 
Fig 12. Linear regression plot of growth vs percentage of undiluted seawater for the 12 bottles with 
nutrients added. Control bottles are not included on this calculation. 
 
The nutrients for the first cycle of experiment 3 were measured at the beginning and at 
the end. Table 5 shows the results of the initial (before added nutrients) and the final 
concentration of the nutrients N & P at the end of the first cycle of the experiment.   
 
 NO3
- (µM)   PO4- (µM)   
Initial 0.35 0.1 
Final 1.16 0.22 
 
Table 5. Initial and final concentration of NO3- and PO4- measured on the first cycle of experiment 3. 
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Another 15 bottles, triplicates of control and triplicates of four different dilutions, were filled 
with seawater collected on the expedition. The bottles were added with nutrients N & P, 
except control bottles. Figure 13 shows the average result for each triplicate. Chla 
increased in all 4 bottles with nutrients from day 1, except the control bottles that showed 
little decrease. Chla peak for all the dilution bottles occurred on the day 2, with the 
average bottle B and C reaching concentration of ~ 20 µg/l and then start to decrease.  
 
Fig 13. Graph showing the concentration of Chla vs Days during the second cycle of experiment 3, re-
fertilisation. The experiment starts on day 1, including collection, laboratory set up and addition of nutrients. 
A (dark blue) is the average of control bottles without any added nutrients; B (orange) is the average of 
100% concentrated seawater; C (grey) is the average of 75% concentrated seawater; D (Yellow) is the 
average of 50% concentrated seawater; E (light blue) is the average of 25% concentrated seawater. 
 
The standard deviation of the average between the triplicate bottles varied between 0.05 
and 2.75 (Appendix 5). High and low SD values was observed both in the initial and end 
of the experiment without any observed pattern. 
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The microzooplankton grazing calculated for the second cycle of experiment 3 was ~ 33% 
and phytoplankton growth was ~ 176%, according to Landry and Hasset (1982) method.  
Figure 14 shows the negative linear regression and its equation. 
 
Fig 14. Linear regression plot of growth vs percentage of undiluted seawater for the 12 bottles with 
nutrients added. Control bottles are not included on this calculation. 
 
The nutrients for the second cycle of experiment 3 were measured at the beginning and 
at the end. Table 6 shows the results of the initial (before added nutrients) and the final 
concentration of the nutrients N & P at the end of the first cycle of the experiment.   
 
 NO3
- (µM)   PO4- (µM)   
Initial 1.73 0.30 
Final 2.32 0.47 
 
Table 6. Initial and final concentration of NO3- and PO4- measured on the second cycle of experiment 3, re-
fertilisation. 
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3.4 Experiment 4 
 
The experiment 4 started on 15 of June of 2017 and had a total of 19 days of duration. 
The initial temperature in situ during sampling was 20 C, while the temperature in the 
laboratory just before incubation was 20.8 C. The initial Chla concentration was measured 
by chlorophyll extraction and fluorometer device, the average results were 0.8 µg/l and 
0.59 µg/l, respectively. 
 
This experiment was also divided into two cycles. The first cycle had the duration of 14 
days, while the second cycle had 5 days. During the first cycle, the total amount of 
seawater was divided into 2 x 20 l incubation tanks with nutrients and also 15 x 2 l bottles, 
same procedure used on experiment 2 and 3.  
 
 
 
 
 
 
 
 
51 
 
Figure 15 shows the results for the 2 x 20 l tanks  
 
Fig 15. Curve showing the Chla variation on two different 20L incubation tanks for the period of 14 days. 
The experiment starts on day 1, including collection, laboratory set up and addition of nutrients Both bottles, 
IA and IB, are the same seawater collected in situ on 15 of June using the same concentration of nutrients 
added, N & P.  
 
Another 15 bottles, triplicates of control and triplicates of four different dilutions, were filled 
with seawater collected on the expedition. The bottles were added with nutrients N & P, 
except control bottles. Figure 16 shows the average results for each triplicate. Chla 
increased in all 4 bottles with nutrients after day 4, except the control bottles that show 
little or no increase. Chla peak for bottles B (100% undiluted) and C (75% undiluted) 
occurred on the day 6, while the peak for bottles D (50% undiluted) was on day 7 and for 
bottles E (25% undiluted) was on day 8. After peak all bottles started to decrease. This 
cycle of the experiment terminates once Chla peak is achieved for all bottles and start to 
decrease. 
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Fig 16. Graph showing the concentration of Chla vs Days during experiment 4. The experiment starts on 
day 1, including collection, laboratory set up and addition of nutrients. A (dark blue) is the average of control 
bottles without any added nutrients; B (orange) is the average of 100% concentrated seawater; C (grey) is 
the average of 75% concentrated seawater; D (Yellow) is the average of 50% concentrated seawater; E 
(light blue) is the average of 25% concentrated seawater. 
 
The standard deviation of the average between the triplicate bottles varied between 0.02 
and 1.16 (Appendix 6). Most of the SD values were low (around 0.2) and only two 
measurements were higher than 1. The higher SD for the period where all bottles were 
increasing Chla was 0.28. 
 
The microzooplankton grazing calculated for the first cycle of experiment 4 was ~ 49% 
and phytoplankton growth was ~ 101%, according to Landry and Hasset (1982) method.  
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Figure 17 shows the negative linear regression and its equation. 
 
Fig 17. Linear regression plot of growth vs percentage of undiluted seawater for the 12 bottles with 
nutrients added. Control bottles are not included on this calculation. 
 
Figure 18 shows the results of nutrients N & P measurements compared to the 
concentration of Chla in one of the 20 l bottles during the first cycle of experiment 4. Vials 
containing approximately 40 ml of seawater were collected daily during 13 days from the 
20 l bottles and immediately frozen. The concentration of the nutrients N & P for each day 
were measured once the experiment was concluded. Chla concentration was measured 
daily using the fluorometer at the same time that the seawater sample was collected to 
estimate nutrients concentration. The results (Fig. 8) shows that once Chla peak is 
achieved the macronutrients N & P were exhausted.  
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Fig 18. Concentration of NO3- , PO4-   and Chla measured during 13 days of incubation in the 20 l bottle. 
The experiment starts on day 1, including collection, laboratory set up and addition of nutrients. The same 
figure 18 is attached on Appendix 9 where the concentration of PO4 was multiplied by 10 in order to better 
visualise. 
 
Continuing experiment 4, another 15 bottles (triplicates of control and triplicates of four 
different dilutions) were filled with seawater collected on the expedition and previously 
fertilised during the first cycle of experiment with nutrients N & P. The 12 bottles with 
different dilutions were re-fertilised (again added with nutrients N & P). Only the 3 bottles 
used as control were not re-fertilised. Figure 19 shows the average results for each 
triplicate. Chla increased in all 4 bottles with nutrients from day 2, except the control 
bottles that showed only decrease. Chla peak for all the dilution bottles occurred 
approximately on the day 4. 
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Fig 19. Graph showing the concentration of Chla vs Days during the second cycle of experiment 4, re-
fertilisation. A (dark blue) is the average of control bottles without any added nutrients; B (orange) is the 
average of 100% concentrated seawater; C (grey) is the average of 75% concentrated seawater; D (Yellow) 
is the average of 50% concentrated seawater; E (light blue) is the average of 25% concentrated seawater. 
 
The standard deviation of the average between the triplicate bottles varied between 0.06 
and 0.65 (Appendix 7). Higher SD values was observed on the last day while low values 
were recorded on the initial stages of this experiment.   
 
The microzooplankton grazing calculated for the second cycle of experiment 4 was ~ 63% 
and phytoplankton growth was ~ 79%, according to Landry and Hasset (1982) method.  
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Figure 20 shows the negative linear regression and its equation. 
 
Fig 20. Linear regression plot of growth vs percentage of undiluted seawater for the 12 bottles with 
nutrients added. Control bottles are not included on this calculation. 
 
The nutrients for the second cycle of experiment 4 were measured at the beginning and 
at the end. Table 8 shows the results of the initial (before added nutrients) and the final 
concentration of the nutrients N & P at the end of the second cycle of the experiment.   
 
 NO3
- (µM)   PO4- (µM)   
Initial 0.16 0.23 
Final 0 0.20 
 
Table 8. Initial and final concentration of NO3- and PO4- measured on the second cycle of experiment 4, 
re-fertilisation. 
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Particular size distribution 
The distribution of particular size in the seawater sample during experiment 4 was 
measured at the beginning, after first cycle and at the end. Figure 21 shows the average 
results for size vs distribution for the different stages of the experiment 4. An increase of 
number of particles and also particle size was observed after fertilisation and re-
fertilisation. The average particle size before the addition of nutrients was ~ 10 µm, while 
~ 17 µm and 22 µm after fertilisation and re-fertilisation, respectively.  
    
Figure 21. A) Initial average particle size vs number of particles; B) Particle size vs number of particles 
after fertilisation with nutrients N & P. C) Particle size vs number of particles after re-fertilisation with 
nutrients N & P. 
 
Main group of micro-zooplanktons observed  
The main predominant zooplankton taxon ecological groups observed in the sample 
were Copepod Calanoid Nauplius, Cyclopoi Nauplius and Copepod eggs. Figure 22 
shows a representative example of taxon often observed during analysis. 
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Figure 22. Representative taxon ecological groups of planktons observed and photographed under the 
microscope A) Representative example of dinoflagellate phytoplankton Tripos sp. B) Representative 
example of dinoflagellate phytoplankton dinophysis caudate. C) Representative example of Copepod egg 
shell. D) Representative example of Copepod Calanoid Nauplius, the terminal spines usually are 
asymmetric, one larger than the other one, meanwhile in copepod cyclopoids/poecilostomatis they are thin 
and often even. E) Representative example of Copepod nauplii of a Cyclopoid. F) Representative example 
Copepod Calanoid, juvenile, Temora turbinate. 
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The initial results of the main taxon ecological groups distribution were provided by IMOS 
portal. It was measured with data collected in situ using 200 µm zooplankton net. Figure 
23 show the summary of zooplankton distribution for this expedition.  
 
Figure 23. Distribution of the main copepod taxon ecological group measured with in situ data collection. 
Copepod Calanoid (juvenile and adults together) is the predominant taxon group with 53% of the total 
zooplankton identified. The total density of zooplankton estimated was 1011 animals per m3. 
 
 
The results of the main taxon ecological groups distribution after first cycle of fertilisation 
was measured on the laboratory. Figure 24 show the summary of zooplankton distribution 
after first cycle of fertilisation.  
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Figure 24. Distribution of the main copepod taxon ecological group measured after fertilisation. Copepod 
Calanoid (juvenile and adults together) is the predominant taxon group with 44% of the total zooplankton 
identified. The total density of zooplankton estimated was 2375 animals per m3. 
 
 
 
The results of the main taxon ecological group distribution after re-fertilisation was 
measured on the laboratory. Figure 25 show the summary of zooplankton distribution 
following re-fertilisation.  
44%
25%
31%
Copepod taxon ecological group after 
fertilisation 
Calanoid Cyclopoid Unknown
61 
 
 
Figure 25. Distribution of the main copepod taxon ecological group measured following re-fertilisation. 
Copepod Calanoid (juvenile and adults together) is the predominant taxon group with 52% of the total 
zooplankton identified. The total density of zooplankton estimated was 3612 animals per m3. 
 
 
Marine bacteria identified on DNA sequencing    
 
The marine bacteria results from DNA sequencing show the average for triplicate samples 
for after fertilisation and duplicates for before fertilisation and after re-fertilisation. One of 
the triplicates samples for before fertilisation and after re-fertilisation were not used due 
to technical problems during DNA sequencing reading. Both duplicates and triplicate 
results are consistent and show small variation among measurements (Appendix 8). The 
total number of bacteria for before fertilisation, after fertilisation and after re-fertilisation 
were 27328, 48435 and 46249, respectively.  
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Figure 26. Distribution of the average main marine bacteria before fertilisation, after re-fertilisation and after 
re-fertilisation. The total number of bacteria for before fertilisation, after fertilisation and after re-fertilisation 
were 27328, 48435 and 46249, respectively.  
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4. Discussion 
4.1 Nutrient uptake and changes in latency period 
 
All experiments showed phytoplankton growth after addition of macronutrients N & P, 
including fertilisation and re-fertilisation. This suggest that there is adequate 
micronutrients concentration for two fertilisations. The macronutrients N & P for 
experiment 1, 2 and 3 were measured at the beginning and at the end of each experiment 
(Table 2 to 6). The results show that the macronutrients were used up and converted into 
organic matter during the experiment. For experiment 4, macronutrients N & P were 
measured every day after fertilisation on the 20 litres incubation bottles. Results in figure 
18 show that the nutrients concentration was inversely proportional to phytoplankton 
biomass growth, having most of nutrients consumed one day before phytoplankton 
achieve its maximum concentration. The macronutrient level remained negligible after 
being used up, indicating that remineralisation either did not occur or occurred in a small 
scale and was quickly consumed by phytoplankton for the experiment time scale of 15 
days. Failure to remineralise nutrients implies that the first fertilisation did not increase 
macronutrients concentration on the second fertilisation. 
 
Phytoplankton biomass growth initially responded slowly after the first cycle of fertilisation. 
The period of latency for the experiments after the first cycle of fertilisation were 5, 4 and 
4 days. The period of latency for the experiments after re-fertilisation were 1, 1 and 2 
days, respectively. This suggest that re-fertilisation may change the latency period. The 
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results for all the 3 experiments including fertilisation and re-fertilisation suggest that the 
latency period after re-fertilisation is shorter compared to the first cycle of fertilisation. As 
re-fertilisation shows shorter latency period and phytoplankton concentration maximum 
was reached earlier, it was interpreted that nutrients after re-fertilisation were consumed 
in a short period of time compared to the first cycle of fertilisation. 
  
4.2 Quantifying phytoplankton biomass growth  
 
Phytoplankton biomass (Chla) increased in all experiments where macronutrients N & P 
were added. The average phytoplankton concentration maximum in the three 20 litres 
incubation bottles on experiment 2, 3 and 4 were 10.8 µg/l, 8.25 µg/l and 9.3 µg/l, 
respectively. For the 2 litres bottles, the average phytoplankton concentration maximum 
for the 100% undiluted seawater from experiment 1 to 4 were 3 µg/l, 6.8 µg/l, 4.1 µg/l and 
2.8 µg/l, respectively. The phytoplankton concentration maximum was compared to a 
similar experiment conducted by Harrison (2016) using seawater from PH100m station. For 
the corresponding months from March to June, Harrison (2016) experiments show 
phytoplankton concentration maximum approximately 18 µg/l, 17 µg/l, 11 µg/l and 15 µg/l. 
Higher phytoplankton concentration maximum values were also observed during bottle 
experiments conducted at Sydney ocean offshore, where average levels using surface 
water close to 20 C achieved peak close to 18 µg/l using the same concentration of 
nutrients N & P (Data report by Nakarin Marco – Ocean Technology Group, 2009). The 
phytoplankton concentration maximum measured by Harrison (2016) occurred on days 
16, 9, 7 and 14, while for this current investigation phytoplankton concentration maximum 
65 
 
occurred on days 4, 9, 7 and 6, respectively. The phytoplankton concentration maximum 
values found in Harrison’s experiment are higher compared to this current study. Although 
the same seawater sample was used for the 20 l incubation bottles and the 2 l 100% 
undiluted water, higher values were observed on the 20 l incubation bottles considering 
that both were added with the same concentration N & P. The optimum light intensity 
estimated for phytoplankton community studies is approximately 25 W/m2 (Parsons and 
Takahashi, 1984). The difference between the phytoplankton concentration maximum 
between Harrison’s experiment and this current study was interpreted as difference in 
microzooplankton grazing pressure, as Harrison did not quantify microzooplankton 
grazing on his investigation. The difference in phytoplankton concentration maximum in 
different bottles of the same experiment having the same seawater samples and the same 
amount of nutrients was interpreted as patchiness in initial phytoplankton concentration 
that may affect phytoplankton concentration maximum values (Reynolds, 2006). Another 
potential reason for the different phytoplankton concentration maximum values was 
interpreted as possibly caused by different intensity of light on the temperature controlled 
room, as the temperature measured on the bottles shows similar values. The locations of 
the bottles were chosen to be close to the optimum value for phytoplankton community 
studies.  The average light measured at the location where the 2 l bottles were located is 
34 W/m2, while the average light intensity measured at the location where the 20 l 
incubation bottle were located is 18 W/m2. The difference in light intensity between the 
two bottles was caused by the distance between bottles and the bulb lights on the light 
racks built in the controlled temperature room at Sydney Institute of Marine Sciences. 
66 
 
Even knowing the estimation for the optimum light intensity, it was not possible to design 
a set up where different locations along the light rack could have the same light intensity.  
 
Re-fertilisation on experiment 3 started with Chla concentration of 5 µg/l and reached the 
maximum of 20 µg/l, while re-fertilisation on experiments 2 and 4 started with Chla 
concentration of 2 µg/l and reached the maximum of 4 µg/l. The difference in the 
maximum phytoplankton concentration achieved was not interpreted as a nutrient 
limitation but as a response to grazing pressure. On experiment 3 it was observed the 
lowest grazing rates and the highest phytoplankton concentration. The hypothesis that 
the phytoplankton biomass maximum was limited only by inorganic nutrients N & P was 
rejected as the results suggests that the difference in phytoplankton biomass maximum 
was caused by different grazing pressure rather than nutrient limitation.  All the 
experiments including fertilisation and re-fertilisation (experiments 2, 3 and 4) showed 
similar initial concentration of Chla (~ 0.5 µg/l) and same concentration of inorganic 
nutrients added (16 µm N & 1 µm). However, they showed different grazing rates 
consistent to higher grazing rates in the experiments with lower phytoplankton biomass 
maximum. 
 
4.3 Estimating microzooplankton grazing rates 
 
 The grazing rates calculated for experiments 1 to 4 for the first cycle of experiment are 
approximately 71%, 51%, 54% and 49%, respectively. These figures represent the 
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percentage of growth of phytoplankton biomass grazed by microzooplankton after 
fertilisation with macronutrients N & P. The grazing rates results are consistent with 
values found for global averages on microzooplankton grazing studies (Landry and 
Calbet, 2004). The coefficient of determination for experiment 1 to 4 are 0.58, 0.71, 0.50 
and 0.12, respectively. They are also consistent with Landry and Calbert (2004), however 
the value for experiment 4 (0.12) is slightly lower which suggests that data do not fit well 
to the regression line. The grazing rates calculated for experiments 2, 3 and 4 after re-
fertilisation are approximately 77%, 33% and 63%, respectively. Although the grazing 
rates calculated after re-fertilisation are still in the range estimated for previous studies 
(Landry and Hassett, 1982; Landry and Calbet, 2004), it was observed that the grazing 
rate decreased after re-fertilisation on experiment 3. No explanation is offered for the low 
grazing rate on experiment 3. Figure 18 shows large decrease in inorganic nitrogen 
between day 8 and 9 and modest growth in phytoplankton during the same period. It 
suggests that microzooplankton grazing was significant. 
 
4.4 Zooplankton growth 
 
Zooplankton growth was investigated in detail on experiment 4. The main copepod taxon 
groups identified were copepod calanoid and cyclopod, although poecilostomatoid and 
hapacticoid were observed as well. The distribution of the main taxon groups had a small 
variation comparing the initial and final results. Calanoid represented 53% of the initial 
copepods, 44% after first fertilisation and 52% after re-fertilisation. Cyclopoid represented 
26% of the initial copepods, 25% after fertilisation and 20% after re-fertilisation. The initial 
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total number of zooplankton is 1011, 2375 after fertilisation and 3612 after re-fertilisation. 
It represents an increase of ~135% on the total number of zooplankton after fertilisation 
and ~52% after re-fertilisation. The number of zooplankton increased significantly after 
the first fertilisation and it is consistent with higher grazing rates after first fertilisation.  
 
4.5 Marine bacteria growth and role 
 
Initially the bacteria distribution was affected by the first fertilisation. However, the 
distribution inclined to return to similar initial distribution after re-fertilisation, suggesting 
resilience of marine bacteria after experimental environment changes caused by 
fertilisation and re-fertilisation. DNA sequencing results shows that prochlorococcus is the 
main bacteria group associated to plankton in this experiment. The initial distribution of 
prochlorococcus is ~70% of the total number of marine bacteria mapped, decreases to 
30% after fertilisation and then increase again to 50% after re-fertilisation (Fig. 26). The 
total initial number of bacteria is 27,328 and this number increases to 48,435 after 
fertilisation and seems to stabilize after re-fertilisation having a total final number of 
46,249. Marine bacteria play a critical role in decomposing organic compounds, breaking 
down large molecules and enabling nutrients for the primary production and marine cycle 
in general. After fertilisation, the total number of marine bacteria increased ~70% and 
decreased ~5% after re-fertilisation. The stabilization of the total number of marine 
bacteria after re-fertilisation was interpreted as resilience to environment changes after 
fertilisation, consistent to previous findings highlighting variability in Prochlorococcus 
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caused by changes in the environment (Den Engh et al., 2017). Although the total number 
of bacteria doubled after fertilisation no remineralisation was observed as the final 
concentration of macronutrients N & P was exhausted and no increase of nutrients was 
observed. Prochlorococcus did not increase in number from the oligotrophic environment 
after fertilisation or re-fertilisation. The change on bacteria number was due to the 
increase of other taxon groups.  
 
4.6 Impact of re-fertilisation 
 
These results show that latency period is shortened after re-fertilisation and 
phytoplankton biomass reaches a maximum concentration faster. The observation that 
phytoplankton biomass reached maximum concentration faster, combined with previous 
finding that ocean macronutrient fertilisation does not substantially affect the distribution 
of phytoplankton taxon groups (Harrison, 2016), suggest that re-fertilisation may 
contribute to increase carbon storage in deep waters. The total number of bacteria 
increased considerably more after fertilisation than after re-fertilisation. In fact, they 
increased little after re-fertilisation. Grazing pressure results also show smaller values 
after re-fertilisation compared to the first cycle of fertilisation. However, the concentration 
of phytoplankton biomass achieved higher values after re-fertilisation compared to the 
first cycle of fertilisation. Combining smaller ratio between bacteria and phytoplankton 
biomass with smaller grazing pressure after re-fertilisation, suggest that the dead 
phytoplankton produced after re-fertilisation have a higher chance of reaching the deep 
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ocean compared to the first cycle of fertilisation. The results of this study suggest that 
ocean macronutrient fertilisation enhance equally both carbon storage in deep water and 
marine food web while re-fertilisation incline to enhance more carbon storage than 
transference of carbon into the marine food web.  
 
5. Conclusions 
 
Mankind has much experience in increasing the productivity of the land but little expertise 
in husbanding the ocean. The concentration of macronutrient N & P over large areas of 
the ocean surface is responsible for limiting the primary production, which is in turn the 
base of the marine food chain. The phytoplankton biomass growth using the oligotrophic 
waters offshore Sydney demonstrated that the addition of macronutrients N & P increased 
the primary production. This investigation involved collecting seawater samples from 
oligotrophic waters offshore Sydney and culturing the samples under artificial light at the 
same temperature as the collection site. Initially nutrients were added and the 
phytoplankton grew to a maximum value. Once phytoplankton concentration decreased, 
a second round of macronutrients N & P were added (re-fertilisation) and the 
phytoplankton biomass grew again.  
 
These experiments provide some insights into the response of the oligotrophic ocean 
which has been fertilised with macronutrients N & P. These experiments, which were 
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conducted with attention to avoid contamination, confirmed the hypothesis that there are 
adequate micronutrients to allow a second fertilisation. All the added macronutrients were 
consumed by phytoplankton during the two fertilisations. The high percentage of biomass 
grazed by zooplankton is expected to contribute to more rapid export of carbon due to 
zooplankton waste sinking deep in the ocean before being remineralised.  
 
Introduction of macronutrients into the bottles was observed to increase primary 
production where the organic carbon created was divided between phytoplankton, 
zooplankton, bacteria and dissolved organic nutrients. Phytoplankton initially responded 
weakly during a period of latency, then grew to a maximum value. The period of latency 
for the experiments after fertilisation were 5, 4 and 4 days, respectively. The period of 
latency for the experiments after re-fertilisation were 1, 1 and 2 days, respectively. This 
study tested that hypothesis that re-fertilisation may change the latency period. The 
results for all the 3 experiments including fertilisation and re-fertilisation suggest that the 
latency period after re-fertilisation is shorter compared to the first cycle of fertilisation.   
 
Macronutrients were all exhausted after the first cycle of fertilisation and the same amount 
of N & P was added for re-fertilisation. No remineralisation was observed over 15 days 
as the final concentration of inorganic nutrients did not increase by the end of the 
experiment. This implies that remineralisation has little or no effect on nutrient input on 
re-fertilisation up to the timeframe of approximately 15 days, which was the longest 
experiment conducted.   
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Phytoplankton concentration maximum varied approximately from 4 µg/l to 20 µg/l while 
microzooplankton grazing rates varied from 30% to 77% of the phytoplankton added with 
macronutrients N & P. Experiments 2, 3 and 4 involved both fertilisation and re-
fertilisation, as opposed to experiment 1, which involved just one round of fertilisation. 
The results of experiment 3 show higher phytoplankton biomass maximum concentration 
(20 µg/l) and lower grazing rates (~33%). Experiment 2 and 4 show lower phytoplankton 
maximum concentration (5.5 µg/l and 4 µg/l, respectively) and higher grazing rates (~71% 
and ~ 63%, respectively). This result suggests that phytoplankton maximum 
concentration limit might be caused by the difference in grazing pressure rather than only 
the initial concentration of macronutrients. The post fertilisation concentration of 
macronutrients N & P was the same for all the experiments, including fertilisation and re-
fertilisation. Without different grazing pressures among the experiments one would expect 
similar phytoplankton maximum concentrations. 
 
The total initial concentration of zooplankton before fertilisation is 1011 animals/m3 and 
2375 animals/m3 after the first fertilisation (up by 135% from its pre-fertilised value). The 
re-fertilisation lead to re-growth of phytoplankton with a further increase in zooplankton 
concentration to 3612 animals/m3, which shows an increase of 52% comparing to the 
number of animals after the first fertilisation. The species distribution of the predominant 
taxon ecological groups, copepod calanoid and copepod cyclopoid, was similar after 
fertilisation than it was before, which implies that the predominant zooplankton taxon 
group distribution was weakly affected after fertilisation and re-fertilisation. The total 
number of bacteria doubled after fertilisation and remained the same after re-fertilisation. 
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Initially, Prochlorococcus is the predominant marine bacteria taxon group in the samples, 
corresponding to approximately 70 % of the total bacteria. It decreased significantly after 
fertilisation (~ 30 %) but increased again after re-fertilisation (~ 55 %). 
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7. Appendix list 
 
Appendix 1 
 
Exp1   
 
        
 A SD  B SD C SD D SD E SD 
1 1.85 0.20  1.97 0.07 1.48 0.23 0.96 0.06 0.52 0.01 
2 1.51 0.09  1.07 0.06 1.07 0.05 0.77 0.09 0.42 0.06 
3 0.89 0.26  2.93 0.52 3.18 0.36 2.95 0.23 1.51 0.58 
4 0.81 0.13  2.88 0.31 3.19 0.42 3.11 0.28 1.62 0.75 
5 0.58 0.16  1.67 0.51 3.22 0.41 3.13 0.34 5.10 2.01 
6 0.48 0.17  0.98 0.52 1.49 0.34 1.31 0.09 5.20 1.99 
7 0.39 0.15  0.60 0.26 1.04 0.10 0.81 0.37 1.11 1.03 
8 0.53 0.45  0.31 0.12 0.33 0.13 0.39 0.17 1.04 0.60 
 
Appendix 1- Table showing the concentration of chla vs days during experiment 1. A is the average of 
triplicate control bottles without any added nutrients; B is the average of triplicates of 100% concentrated 
seawater; C is the average of triplicates of 75% concentrated seawater; D is the average of triplicates of 
50% concentrated seawater; E is the average of triplicates of 25% concentrated seawater. SD is the 
standard deviation of the respective triplicate measurements. 
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Appendix 2 
 
Exp2           
 A SD B SD C SD D SD E SD 
1 0 0.13 0.40 0.15 0.25 0.09 0.18 0.02 0.21 0.01 
2 0.12 0.05 0.22 0.12 0.19 0.11 0.10 0.07 0.14 0.03 
3 0.25 0.05 0.32 0.13 0.16 0.07 0.10 0.02 0.13 0.10 
4 0.29 0.05 0.37 0.16 0.37 0.17 0.17 0.02 0.18 0.09 
5 0.21 0.08 0.36 0.09 0.30 0.04 0.21 0.08 0.21 0.19 
6 0.36 0.14 1.51 0.57 0.74 0.35 0.68 0.13 0.47 0.24 
7 0.47 0.40 3.41 0.95 1.57 0.68 1.50 0.37 0.93 0.65 
8 0.67 0.48 5.93 1.82 3.75 1.04 4.46 1.14 3.18 2.96 
9 0.87 0.40 6.89 0.44 6.99 0.46 6.99 3.49 7.60 6.39 
10 0.60 0.21 4.06 0.45 4.72 0.90 5.56 2.44 5.65 4.68 
11 0.63 0.20 4.50 1.99 5.89 1.61 5.75 2.60 5.94 4.67 
12 0.90 0.51 4.02 2.45 7.37 2.11 6.50 2.32 6.34 4.68 
 
Appendix 2- Table showing the concentration of chla vs days during experiment 2. A is the average of 
triplicate control bottles without any added nutrients; B is the average of triplicates of 100% concentrated 
seawater; C is the average of triplicates of 75% concentrated seawater; D is the average of triplicates of 
50% concentrated seawater; E is the average of triplicates of 25% concentrated seawater. SD is the 
standard deviation of the respective triplicate measurements. 
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Appendix 3 
 
Exp2_ON           
 A SD B SD C SD D SD E SD 
1 1 0.07 1.49 0.16 1.06 0.08 0.72 0.05 0.42 0.01 
2 0.60 0.01 5.37 0.15 4.03 0.19 3.02 0.73 1.47 0.49 
3 0.74 0.09 6.01 1.24 6.91 0.82 5.27 0.92 6.02 1.18 
4 0.68 0.02 3.36 0.56 4.15 0.37 3.09 0.23 3.93 0.24 
5 1.05 0.32 1.83 0.28 1.94 0.21 1.30 0.12 1.93 1.02 
 
Appendix 3- Table showing the concentration of chla vs days during experiment 2 after re-fertilisation. A is 
the average of triplicate control bottles without any added nutrients; B is the average of triplicates of 100% 
concentrated seawater; C is the average of triplicates of 75% concentrated seawater; D is the average of 
triplicates of 50% concentrated seawater; E is the average of triplicates of 25% concentrated seawater. SD 
is the standard deviation of the respective triplicate measurements. 
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Appendix 4 
 
Exp3           
 A SD B SD C SD D SD E SD 
1 0 0.06 0.52 0.06 0.45 0.09 0.30 0.07 0.25 0.02 
2 0.57 0.08 0.90 0.13 0.79 0.17 0.54 0.13 0.39 0.01 
3 0.44 0.08 1.02 0.15 0.78 0.11 0.65 0.14 0.47 0.05 
4 0.26 0.11 1.10 0.58 0.79 0.12 0.79 0.12 0.63 0.09 
5 0.17 0.10 1.08 0.11 0.72 0.30 0.74 0.07 0.65 0.18 
6 0.18 0.07 1.58 0.54 0.55 0.21 0.52 0.11 0.69 0.10 
7 0.23 0.09 4.03 0.16 3.99 0.52 3.95 0.46 2.10 0.71 
8 0.18 0.07 3.26 0.45 3.43 0.11 3.57 0.58 2.12 1.08 
 
Appendix 4- Table showing the concentration of chla vs days during experiment 3. A is the average of 
triplicate control bottles without any added nutrients; B is the average of triplicates of 100% concentrated 
seawater; C is the average of triplicates of 75% concentrated seawater; D is the average of triplicates of 
50% concentrated seawater; E is the average of triplicates of 25% concentrated seawater. SD is the 
standard deviation of the respective triplicate measurements. 
 
 
 
 
 
 
 
 
 
81 
 
Appendix 5 
Exp3_ON           
 A SD B SD C SD D SD E SD 
1 6 0.13 5.08 0.09 4.05 0.23 2.80 0.05 1.68 0.09 
2 5.25 1.25 20.45 0.60 19.17 1.30 14.69 0.24 7.13 2.02 
3 2.36 0.16 8.63 0.27 9.78 1.07 8.37 0.06 6.48 0.65 
4 2.11 0.12 7.25 1.27 8.32 1.70 7.74 0.19 4.62 2.75 
5 1.43 0.17 5.06 0.91 7.58 1.67 6.42 0.40 2.32 1.27 
 
Appendix 5- Table showing the concentration of chla vs days during experiment 3 after re-fertilisation. A is 
the average of triplicate control bottles without any added nutrients; B is the average of triplicates of 100% 
concentrated seawater; C is the average of triplicates of 75% concentrated seawater; D is the average of 
triplicates of 50% concentrated seawater; E is the average of triplicates of 25% concentrated seawater. SD 
is the standard deviation of the respective triplicate measurements. 
Appendix 6 
Exp4           
 A SD B SD C SD D SD E SD 
1 1 0.10 0.65 0.02 0.56 0.08 0.51 0.03 0.50 0.03 
2 0.47 0.09 0.75 0.04 0.58 0.08 0.45 0.14 0.43 0.06 
3 0.19 0.06 0.73 0.05 0.49 0.06 0.43 0.03 0.50 0.09 
4 0.18 0.07 0.85 0.11 0.51 0.10 0.43 0.00 0.58 0.16 
5 0.19 0.10 2.25 0.56 1.46 0.16 0.63 0.05 0.53 0.08 
6 0.22 0.02 2.81 0.05 3.48 0.03 1.94 0.14 0.95 0.28 
7 0.44 0.06 1.91 0.14 2.88 0.14 3.03 0.11 1.94 1.05 
8 0.54 0.14 1.10 0.12 1.55 0.18 2.36 0.24 3.65 0.58 
9 0.53 0.11 0.74 0.06 0.66 0.06 0.96 0.21 3.38 0.89 
10 0.36 0.20 2.91 0.24 1.24 0.43 2.47 1.16 1.94 0.24 
 
Appendix 6- Table showing the concentration of chla vs days during experiment 4. A is the average of 
triplicate control bottles without any added nutrients; B is the average of triplicates of 100% concentrated 
seawater; C is the average of triplicates of 75% concentrated seawater; D is the average of triplicates of 
50% concentrated seawater; E is the average of triplicates of 25% concentrated seawater. SD is the 
standard deviation of the respective triplicate measurements. 
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Appendix 7 
 
Exp4_ON           
 A SD B SD C SD D SD E SD 
1 2 0.14 2.12 0.17 1.68 0.06 1.30 0.06 0.98 0.16 
2 0.70 0.08 1.38 0.20 1.17 0.11 0.96 0.05 0.61 0.13 
3 0.21 0.12 2.38 0.34 2.39 0.30 2.09 0.26 1.37 0.31 
4 0.28 0.18 3.25 0.32 4.10 0.57 3.08 0.36 2.57 0.22 
5 0.25 0.07 2.61 0.65 3.26 0.65 3.12 0.18 2.68 0.64 
 
Appendix 7- Table showing the concentration of chla vs days during experiment 4 after re-fertilisation. A is 
the average of triplicate control bottles without any added nutrients; B is the average of triplicates of 100% 
concentrated seawater; C is the average of triplicates of 75% concentrated seawater; D is the average of 
triplicates of 50% concentrated seawater; E is the average of triplicates of 25% concentrated seawater. SD 
is the standard deviation of the respective triplicate measurements. 
 
Appendix 8 
 
Appendix 8- Graph showing duplicates (2 and 3) of DNA sequencing before fertilisation, triplicates (4, 5 and 
6) after fertilisation and duplicates (7 and 8) after re-fertilisation. Note that both duplicates and triplicates 
show very similar results. 
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Appendix 9 
 
 
Appendix 9. The same graph showed at Figure 18 but the concentration of PO4 was multiplied by 10 to 
better visualise changes in PO4 concentration. Concentration of NO3- , PO4- (x10)   and Chla measured 
during 13 days of incubation in the 20 l bottle. The experiment starts on day 1, including collection, 
laboratory set up and addition of nutrients. 
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Appendix 10 – List of Acronyms 
 
APHA - America Public Health Association 
BECCS - Biomass Energy with Carbon Capture and sequestration 
CDR - Carbon Dioxide Removal 
Chla - Chlorophyll-a 
CSIRO – Commonwealth Scientific and Industrial Research Organization  
DAC - Direct Air Capture 
EAC - Eastern Australian Current 
HAB - Harmful Algal Bloom 
HNLC - High Nutrient and Low Chlorophyll 
IMOS - Integrated Marine Observing System 
LNLC - Low Nutrient and Low Chlorophyll 
NOAA - National Oceanic & Atmospheric Administration 
OIF - Ocean Iron Fertilisation 
OMF - Ocean Macronutrient Fertilisation 
RSD - Relative Standard Deviation 
SIMS - Sydney Institute of Marine Sciences 
SRA - Sequence Read Archive 
SST- Sea Surface Temperature 
UNFCCC - United Nations Framework Convention on Climate Change 
 
